Porphyromonas gingivalis culture supernate was found to induce homotypic agglutination of human polymorphonuclear leukocytes (PMN). Pretreatment of PMN with P. gingivalis supernate inhibited both the rate and the degree of agglutination induced by the secretagogues PMA and FMLP. Lipopolysaccharlde from P. gingivalis upregulated the CR3 (Mac-l, CDllb) receptors on PMN. Treatment of glass-adherent PMN with P. ging/val/s supernate did not alter their phagocytic capacity for P. gingivalis cells but when PMN were pretreated in suspension the cells adhered less well to glass and phagocytosis of those PMN that did adhere was reduced. P. 8ingivalis supernate treatment of PMN induced lysozyme release but the amount released during phagocytosis when supemate was present did not change.
INTRODUCTION
The human periodontal diseases are a group of chronic inflammatory disorders of the periodontal tissues leading to the loss of the collagen fibre attachment of the soft tissues to the teeth and the resorption of the supporting alveolar bone leading to the loss of the tooth [1] . Not all the teeth are affected and the disease is thought to be caused by the bacterial plaque which accumulates at the junction of the tooth and the soft tissues. Some forms of the disease are thought to be due to infection by single pathogens or groups of pathogens [2] , particularly Gram-negative obligate anaerobes. Porphyromonas gingivafis (formerly Bacteroides gingivalis) has been incriminated in the pathogenesis of human periodontal diseases particularly the form classified as Adult Periodontitis (AP) [3] . A prominent feature of the disease is that the orsanisms do not invade the tissues and much research has been performed into extracellular factors from P. gingivalis with a variety of virulence properties. Special emphasis has been placed on the proteolytic enzymes pro-duced by the organism, particularly a trypsin-like protease which appears to be a cysteine protease [4] , since these can degrade a variety of host proteins including immunoglobulins and complement proteins [5] , clotting factors and proteinase inhibitors [6] . The organism produces a variety of other possible virulence factors such as fipopolysaccharide (LPS), capsular material and acid end products such as propionate and butyrate. A recent review article by Mayrand and Holt [7] has discussed the various virulence factors of P.
gingivalis both in relation to host defence proteins and the cells of the periodontal tissues as well as the cells of the immune system such as lymphocytes and phagocytes.
The key host cell in the defence of the periodontal tissues is the phagocytic polymorphonuclear leukocyte (PMN) and patients with disorders of these cells are especially at risk to develop aggressive disease affecting all the teeth [8] . The PMN are constantly migrating through the tissues into the gingival crevice at the affected site and these inflammatory PMN are functional cells capable of phagocytosing and killing dental plaque bacteria [9] . PMN function is enhanced by specific IgG antibodies and complement C3B acting as opsonins and these opsonins are both present and functional in the serum [10] and the inflammatory fluid, gingival crevicular fluid [11] . Although patients with AP have higher levels of IgG antibodies to P. gingivalis than do control subjects [12] these antibodies are not apparently protective al. though they may limit the severity and the distribution of the disease within the mouth [13] . It is possible that a principal pathogenic effect of P.
gingivalis is to down-regulate PMN function in the gingival crevice and this, combined with the inactivation of the host proteins would allow other virulence factors such as the proteases to attack tissue cells, particularly the epithelial integument. Such a mechanism would also inhibit the phagocytosis and killing of other plaque bacteria.
e. gingivalis cells have been reported as being resistant to phagocytosis by PMN [14] and to elicit a poor chemiluminescence response from PMN [15] . Culture supernate factors from P.
gingivalis strain 381 will reduce the PMN binding of the chemotactic peptide f-methionyl-leucylphenylalanine (FMLP) and inhibit the superoxide anion production of PMN stimulated with FMLP [16] . P. gingivalis LPS will inhibit PMN motility and depress the bactericidal effects of PMN for Staphylococcus epidermidis although the phagocytosis of this organism was unaffected [17] .
In the present paper we report experiments on the effects of P. gingivalis supernates and LPS from this organism on the adherence, phagocytosis, lysosomal enzyme release and receptor expression of human PMN. [18] . After 2-4 days of anaerobic incubation, the cultures were checked for purity by Grant's staining and culture then pelleted by centrifugation at 10,000 x g for 30 min. The pellets were washed three times in 0.05 M carbonate/bicarbonate buffer, pH 9.5, heated for 30 rain at 60 °C and resuspended at an optical density of 2.0 at 640 nm using an Ultroep~ 2 spectrophotometer (LKB, Bromma, Sweden). 2.0 mi of an 0.03~ solution of rliodamine isothiocyanate in bicarbonate buffer was added to 1.0 ml of bacteria, incubated at room temperature for 2 h and washed three times in Complement Fixation Test (CFT) Buffer (Oxoid, U.K.) and resuspended in 1.0 ml of CFT as a stock solution (2 x 10m/ml) which was then diluted for use in the pha$ocytusis assay.
MATERIALS AND METHODS

Bacterial preparation
Preparation of bacterial supernate
P. gingivalis was cultured as above for 5 days;
supernate from the first centrifugation was reserved, aliquoted and stored at -20 °C until used in the assays. Portions of the supernat¢ were heated at 100°C for 5 rain to assess the heat lability of any biological activity. Aliquots of uninoculated BM medium were also stored at -20 o C and used as controls in the assays.
Opsonisation of bacteria 4 × lOS/ml rhodamine-labelled bacteria in CFT
were opsonlsed with 85 standard normal human serum in a microtube, thoroughly mixed and incubated at 370C for 30 rain on a blood mixer. The bacteria were pelleted by centrifugation at 650 × g for 30 min and resuspended in CFT buffer at a concentration of 4 × 108/ml.
Preparation of PMN
Venous blood was obtained from healthy adult volunteers and anticoagulated with preservativefree heparin (10 U/ml). Undiluted blood was layered onto a Ficoll/Isopaque density gradient and centrifuged at 650 × g for 20 rain. The cell pellet containing the PMN was mixed with an equal volume of 3~ dextran in PBS and incubated a~ 37°C for 45 rain. The supernatant containing the PMIq was obtained by centrifugation and residual erythrocytes were eliminated by hypotonic lysis [19] . The cells were washed in either Hanks' buffered salt solution (HBSS), pH 6.3, without phenol red or phosphate buffered saline, pH 7.2, and resas~-nded at 5 × 10S/ml. Cell viability was 99~ as detennin~ by trypan blue dye exclusion.
PMlq for Flow Cytometric Analysis (FC) were collected in 0.2~ EDTA and 2.0 ml of 6~ Dextran in HBSS containing 0.2~ BSA (HBSS-BSA) was added to 10 ml of blood. After 30 rain sedimentation, PMlq in the supematant were pelleted by centrifugation at 400×g for 10 mill at 4°C, resuspended in ice cold HBSS-BSA and resuspended at $ × 106/ml. PMN were stored on ice until used in the assay.
Phagocytosis assay
Phagocytosis was assessed by the glass-adherent method of Hurst and Wilton [10]'usin 8 12 well slide~. Briefly, 10 ttl of 5 × 106/ml PMIq in PBS was added to each well of 6 mm diameter, PTFE coated 12 well slide and incubated in a humid atmosphere at 37°C for 30 min. The non-adherent cells were removed by washing with warm PBS. 10 ttl of P. gingivalis supernate, heated supernate. BM, LPS or buffer were added to each 287 well in duplicate, the slides incubated in a humid atmosphere for 15 min and then washed with buffer. 10 pl of the o,~sonised bacteria were then added in duplicate to ~ glass-adherent PMN and the sfides incubated at 37°C for 30 min in a humid atmosphere. Bacteria which were not cellassociated were washed off with warm PBS and a coverslip was placed on the slide using nail varnish to prevent evaporation. The slides were then examined by epifluorescence using a Zeiss standard 16 microscope (Zeiss, F.R.G.). Phagocytosis was assessed by counting two high power fields in each well each containing 100 PMN and any cell containing two or more bacteria was scored as posifive.
PMN CR3 and FcRvlII receptor assays by flow cytometry
Stimulants were prepared at twice the final concentration in ice cold HBSS-BSA and always included phorbol myristate acetate (PMA), 1/tM as positive control, and HBSS-BSA alone as a negative control. P. gingivalis LPS, prepared by the hot phenol method of Westphal and Jann [20] by Dr. George Bowden was used at a fmal concentration of 0.1 itg/mi and the P. gingivalis culture supernate was used at a final concentration of 1 : 2; these concentrations were determined to be optimal in pilot experiments. 100 ttl of each stimulant was added to a microcentrifuge tube and 100 pl of PMN were added before the tubes were incubated at 37°C for 15 rain. The cells were then pelleted at 400 × g, the supernate removed and replaced with 100 pl of ice cold HBSS-BSA. An aliquot of cells diluted in HDSS-BSA were kept on ice for 15 min before centrifug, ation and acted as the unstimulated control binding value for the receptors analysed. The tubes were vortexed and kept on ice. 10/tl of the following antibodies, all obtained from l~ton Dickinson, U.K., were dispensed into the wells of a 96 place tissue culture grade microtitre plate (Linbro) kept on ice: phycoerythrin-labelled Len llb (anti-CDllb, CR3) IgG2a, FITC-labelled Leu 16 (anti-CD16, FcRrlll) IgG 1. As controls for non-specific antibody binding and fluorescence, 10 ~tl of phycoerythrin-labelled mouse IgG2a (red) or FITC-labelled IgG l (green) were always used. 100 /tl of PMN were added to each well and the plate was held on ice in the dark for 30 min. 100 pl of cold HBSS-BSA was added to each well and the plate was centrifuged at 4°C and 400 × g for 10 min. The supematants were removed and 100 ILl of cold HBSS-BSA was added to each well, the cells mixed and then added to 300 ~tl of cold HBSS-BSA for FC analysis.
Flow cytometry was performed using an EPICS C flow cytometer equipped with an argon laser (488 nm emission). Log forward angle light scatter (LFAL), 90°C light scatter, log green (510-550 nm) and log red (> 580 rim) fluorescence were recorded. The results are expressed as the mean peak channel number for each stimulant or control and as the percentage of fluorescent cells.
7. Lysozyme release by PMN
Lysozyme release was measured by the method of Osserman and Lawlor [22] using hen egg white lysozyme (Sigma, Poole, U.K.) as control. The results were expressed as mg/ml of lysozyme released by stimulants from 5 × 106 PMN.
Aggregometry of PMN
A88regometry was performed by the method of Metcalf et al. [21] using a dual sample aggregometer thermostatically controlled at 37"C and with the stirrers set at 500 rpm. 0.4 mi of PMN in HBSS at a concentration of 1 × 107/ml were stiraulated with 10 pl of PMA (1 FIVI) or FMLP (10 -7 M) as positive controls and HBSS as negative control. P. gingivalis supernate was used undiluted and LPS at 0.2 pg/ml in 10 pl vols. After baseline stabilisation, stimulant was added to one cuvette and HBSS to the other and a recording made at 3 cm/min chart speed for 15 min. Change of transmission (increased light passage indicates PMN aggregation) was estimated after 1, 11 and 16 rain. The data are presented as the corrected transmission for each time point. In experiments where P. gingiualis culture supemate was u'~d to pretreat the PMN before PMA or FMLP stimulation, PMN were incubated with supemate for 15 rain before the addition of PMA or PMLP. 
Adherence of PMN
Cytotoxicity of stimulants for PMN
25/tl of PMN 5 x 106/ml were incubated with 25/tl of P. gingiualis supemate, heated supemate, BM and buffer in a 37°C water bath for 15, 30 or 45 min. The tubes were immediately placed on ice and 10/tl of trypan blue was added. PbfN were then counted in duplicate using a Neubauer clamber and cell viability was assessed by counting the number of trypan blue excluding cells in the total cell population in the chamb~. The results were expressed as the percentage of non-viable (dyecontaining) cells.
RESULTS
The P. gin$ivalis supernate was tested at pH 6.3 which was the terminal pH of the 8rowth medium after bacterial 8rowth had occurred and at pH 7.2 which was the standard pH of the PMN phagocytosis assays. When the PMN were bein 8 examined for the cytotoxic effects of the P. gingivalis supemate pH 6.3, it was noted that there were many fewer cells (34.5 :i: 5.2%) in the suspensions treated with supernate than the control buffer treated cells. In the heated supernate there were only 49.5 4-9.6~ cells compared to the PBS control. Since there was no evidence of marked cytotoxicity in the PMN seen microscopically, the preparations were concentrated by centrifugation and examined in total. It could then be seen that the cells were markedly agglutinated after 15 rain by P. gingiualis supernate pH 6.3 and that this effect was inhibited, but not totally abolished, by heating at 100*C. The PMN viability was always greater than 90~ in cells treated with supernate, pH 6.3, indicating a slight toxic effect compared with the HBSS control (> 98% viable) end this was unchenged by heating to 100°(2. When the P. 8ingioalis supenzate was tested at pH 7.2, the aaglutination was much less marked end the cytotoxic effect was minimal (> 98~ viability) at this pH. Heated supernate did not agglutinate PMN and was also not cytotoxic at this pH. LPS end BM neither agglutinated the PMN nor were they ¢ytotoxic.
When the phagocytosis of glass-adherent PMN, If the PMN were pretreated with P. gingivalis supernate pH 7.2 for 15 min there was no effect on their adherence to 81ass. If PMN were treated for 45 min there was a reduction in adherence ol 60.5~ compared to the buffer control and this inhibitory effect was aaain partially reversed to 19.4~$ by heatin$ the supernate to 100°C. The adhereqnce of the PMN pretreated with super rote at pH 6.3 was not attempted due to the exto:eme a881utination of the PMN.
When PMlq were stimulated with P. gin3ivalis supernate pH 7.2 the cells released 48.5 raa/ml (mean of two experiments) of lysozyme. ~rIeated supernate released 8.2 ma/ml and buffer-treated cells released 6.1 ma/ml. The total lysozyme content of the PMN was 48.5 ma/ml as assessed by estimation of PMN lysed by three cycles of freeze-thawing. (Fig. 1) and there was also no effect of the '-eP ed supernate. That the cells were capable of otination was indicat~ J by the rapid increase in the optical density induced by PMA and, to a lesser degree, by FMLP. When the P. gingivalis sup~natant 6.3 was tested (Fig. 2) , it will be seen that it caused the agglutination of PMN and that this effect was abolished by heating the supemate to 100°C. At pH 6.3 the aggiutination caused by FMLP was increased and that given by PMA decreased compared to the behaviour of these secretagogues at pH 7.2. When the effect of P. gingivalis supemate pretreatment of PMN on the agglutination induced by PMA and FMLP was examined, there were effects on both stimulants which differed depending on the pH of the supernate. At pH 6.3 ( Fig. 3) , P. gingivalis supernate delayed the onset of PMA-induced agglutination and reduced this by about 70% at 16 min. At pH 7.2 ( Fig. 3) , the onset of PMA-induced agglutination was again delayed and was reduced by 50% at 16 rain. When PMN were pretreated with P. gingivalis supernate at pH 6.3 and then stimulated with FMLP (Fig. 4) , the onset of agglutination was delayed but the agglutination at 16 min was similar to that induced by FMLP alone. At pH 7.2 (Fi 8. 4), there was no delay in the FMLP-induced agglutination and the agglutination after 16 min was similar to that caused by FMLP alone. P. gingi,..~lis LPS did not induce PMN agglutination (data not shown).
DISCUSSION
We have shown that P. gingivaiis culture supernate, whilst not cytotoxic for human PMN, can inhibit the phagocytic capacity of these cells for P. gingivalis organisms and is capable of inducing homotypic agglutination of PMN. Both P. gingivalis culture supemate and LPS increased the surface expression of the PMN CR3 receptor whilst having no effect on the cells' FeRmI11 receptors. These experiments were undertaken to investigate whether P. gingivalis can influence the functions of human PMN and perhaps explain, at least partly, the pathogenic potential of this organism in relation to the tissue destruction seen in human periodontal diseases. Do the results help our understanding of the PMN: P. gingivalis in. teractions as they might occur in vivo .stud which might lead to the ascendency of the bacterium?
We may conclude that the organism does not exert its virulence by killing the PMN although the presence in the supernates of a cytotoxin for PMN cannot be entirely ruled out and must await purification of individual moieties in such supernates. Aciinobacillus actinomycetemcomitans, an organism incriminated in the rare juvenile form of periodontal disease, produces a very powerful leukotoxin which is thought to be a critical virulence factor since it is specific for human PMN and monccytes [23] and has been shown to kill :he inflammatory PMN emerging at the site of the infection [24] . P. gingivalis has been reported to be poorly phagocytosed by both normal PMN [14] and those from patients with AP [17] . This reduction in PMN phagocytic capacity may, of course, be sufficient to explain why the organism is pathogenic but since the numbers of PMN entering the gingival crevice is very large in patients with periodontal destruction but without defects of these cells, it is unlikely that this is the sole explanation.
It is most likely that the organism also produces factors which can alter the function of various cell types including phagocytic cells. Superhate factors from P. gingivalis strain 381 are reported as reducing the binding of FMLP to human PMIq and suppressing the superoxide anion production of the respiratory burst in guinea pig PMIq stimulated with FMLP [16] . An exohaemagglutinin from P. gingivalis but not LPS or muramyl dipeptide also inhibited superoxide anion production by guinea pig PMIq. P. gingivalis strain W83 culture supernates were not cytotoxic for human PMN but induced an increase in the numbers of non-polarised cells which was interpreted as being due to paralysis of the PMN plas~aa membrane [25] . The supernate effects were not shown by LPS or short-chain fatty acids. This study confirmed the paralysing effect of P. gingivalis supernate factors for human PMN as assessed by the motility of the receptors for C3b and concanavalin A [26] .
The homotypic aggregation of PMN depends on the heterodimeric glycoproteins of the lymphocyte function-associated (LFA) family of integrins and cells from patients that are unable to synthesise the 95-kDa p subunit (CD18) of these molecules are profoundly defective both in vivo and in vitro in adhesion related functions [27] . The a subunit of one of the integrins CR3 (Cdllb) which is the receptor for the opsonic complement fragment C3b is an important mediator of neutrophil aggregation and adhesion to surfaces and cells [28] . The CR3 protein is rapidly translocated to the plasma membrane from an intracellular pool contained within the secondary (specific) granules after stimulation with PMA and FMLP.
There was no clear association of adhesion-related functions in the experiments reported here. PMN adhesion and phagocytosis were decreased by P. gingivalis supemates. The same supernate increased CR3 expression and induced homotypic agglutination and enzyme release by PMN. We cannot, therefore, conclude that the enhanced CR3 expression alone is responsible for the agglutination of the PMN as has been claimed [27] .. The newly translocated CR3 integfin may not mediate enhanced aggregation simply by increasing the number of CR3 receptors at the cell surface and it appears that the molecules must be structurally modified or interact with other integrins to mediate PMN aggregation and adhesion [29] . It has also been reported that Salmonella minnesota LPS does not cause homotypic PMN agglutination but can in0uce CR3 upregulation and lysosomal enzyme release only after the PMN are adherent [30] . As it has been shown that the specific granules of PMN contain other specific adhesins for basement membrane proteins such as laminin and matrix proteins such as fibronectin and vitronectin and these may be released after stimulation with PMA, FMLP and Escherichia coli LPS [31] , it would appear that the specific granules can release a number of adhesion molecules after appropriate stimulation. In the experiments reported here, P. gingivalis supernate both caused homotypic agglutination and enhanced CR3 expression. The failure of the supernate at pH 7.2 to induce aggregation was not apparently due to a failure of the component(s) to bind to the PMN surface since pretreatment of the PMN with the supematant at this pH lead to the inhibition of the aggregation due to PMA. The supernate at pH 7,2 was also able to elicit enhanced CR3 expression by PMN. Whilst LPS from P. gingivalis was a potent inducer of CR3 expression, it failed to agglutinate the PMN supporting the findings with S. minnesota LPS [30] .
The failure of the P. gingivaPis supernate to affect the PMN surface expression of the FcR~III receptor was perhaps surprising since the supernate contained proteolytic activity as judged by the heat lability of the supernate effects on homotypic agglutination. This receptor is constitutively expressed on PMN and it can only be increased by prolonged incubation with cytokines such as Interferon-,/ [32] so that an increased expression would not have been expected in the short stimulation times used in the experiments reported here. The effects of proteases from P. gingivalis on PMN will require the isolation and purification of these proteins but their activity was not necessary for PMN stimulation as assessed by shape change [25] or membrane receptor motility [26] . A 35,000 M r P. gingivalis protease has been shown to degrade the surface fibronectin of human gingival fibroblasts [33] so that it might be expected that proteases from this organism would also degrade the surface proteins of cells such as the PMN tested here.
The factor(s) in the P. gingivalis supernates responsible for the alterations in the function and surface expression of the integrin CR3 must await further study but we have preliminary evidence that a thioi-dependent protease activity in the supernates and partially purified from this source can also enhance CR3 expression by human PMN. Whatever the precise nature of the factor(s) produced by P. gingivalis that may cause the changes to PM'N which we have started to investigate, it is evident that this organism can alter PMN function. Such alterations might lead to enhanced adhesion and diminished phagocytosis by the PMN within the aggregates in vivo at the site of P. gingivalis infection. In addition, the phagocytic capacity of the cells themselves is reduced so that it is feasible that the critical role of PMN in phagocytosing not only P. gingivalis but other possible pathogenic bacteria in plaque would be compromised in vivo. This might then result in a continuation of the inflammatory response in the tissues being caused by the overgrowth not only of other pathogens but also those organisms not normally associated with disease. In this way, P. gingivalis would then act both as a direct pathogen, for example by the production of proteases which may damage the tissues directly, and as an irAirect pathogen, subverting the normal phago. cytic cell functions that eliminate other bacteria.
